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Foreword

The research reported herein was conduct"ed by Princeton University 'nder

the direction of the Office of Naval Research, Departrent of the Navy, in

cooperafiun with the Office of Chief of Transportation, Depatment of the Army.

This ,fpor -re u:t.ir, the final resulls tf Phase aof the follosing six phas•s

&i the ovur d I i esodr ch prograrn:

I Baski Leateral Control Characteristicd of the L-21 Airplane

U1 Jet Spoiler Performan-ce' of the L-21 Airplone

Z Presure Oiýtr ibut ion Investigation of a Jet Spoiler on the L-21 AirDlare

STwo-Uimunbional TeOt with a Jet Spoiler

T Invv.ftnui.,tlon of Jet Spoiler Lateral Controls on a Moderately Thick Wing of
High Aspuct Rat io

fl Oajin Study of a Modified High Lift and Lateral Control System for the L-21
Airplane
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J.Ljitroduct ion

[.uu to the extreme dema~nds now plIaced on -the pr imary I ft i ng sur faces of

* irF'-rt I fIn the l and Ing conf igur at ion, ccons ider ablIe emphas Is I s di1rected toward

icifn utilizaion of wing pianform so that the maximum l it! wilI enable

sufficiently low landing speeds. rhe high wing loading deinunded by drag

considerat ions, at the higher velocities has forced the designer to Investigate

the pu*,sibilitIatij ot many new means of lift augmentation. If we consider a

".conventilonal" aircraft conf igurattion, that is, an aircraft ha1ving a l ifting

surface of moder ate aspect rat Io, hor IzontalI and vert IcalI stab IlIlzer, and no

lift contr ibultivni from ihe thru!A of the engine or i-rs slipstream, it is clear

th1at tnure ar~e two gener al group-- of dev ices wh "ci increare the max imum I I ft

coeff LOicint of a ming of given ploliform:

1) Tinose w ici -alter ti-e effective angle of attack of the wing, such as

Comonwnr flaps, as, woil as- the more recent jet flap;

2) Those -which delay the separ-ation of the flow from the upper rear

surfat~e of the wing, such as drooped leading edges, leading edge

slafs, rind bouiidary iayer suct ion and biowing.

Negle~cting weigh~t aid structural (a,. weil as power) penalties, these devices

may the employed 3as required as long as the mora stringant demainds of stabli y

and control can be met. Usually this will mean the utilization of a large

portion of the wing trailing edge for the aileron, witn the result that most

ufforts toward highier maximum lift coefficients have uegun with the reducing of

aillron -spin to a mrinlrinu, oý- doing away with It entii-e~ dahd vmPluying onur of

the many types of spoiler configurations. Sluice the use of the latter type of

control expose-, the entire wing span to hlyn lift devices, this report will deal



with the advantages to be gained by the use of 5poilc~r 'ypo controls, from the

standpoint of improved low speed performance. In parf~cular, the relative

merits of a comparatively new type of spoiler ate presented.

Recent tests of~ an air jet spoiler (Ref s. 2 drnd 3) have shown tnbi cOntrol

characteristics similar to tha~t of conventional sDOolers can be obtairred witih

relatively low velumre flow requirements, Since this device offers some

Improvements over mechanical spoilers, e: critical e.kaminat ion of Its

practicability is quite pertinent to this study; and since tle use of auxil iary

power for bounidary layer control is of current interest. the pcsý,lbil ity of an

integrated jet control - 13LC systerr must be examined. Sever al char acter Ist ics

of these controls will be dealt with:

1) The effectivenes5 of the control over tI~e zingie of attack range and

velocity range fot wh ich, it is to be used. ;ncluding th~e response

Char acter I st i cs,

,)The h iqh l ift dcvicu:- thc ecomeW pracl icadl from its use, and,

3) The weighrt arnd Lu-wr- p.enalties involved, as wellI as ttfe mechanical

complexity ot the arrangement.

in, evalu~ating the improved lo. speed performance obtaina!,le by these devices,

e'r'phasis Iis placcd, within the fronvjwork of tr..is study. urn opt imizai ion of thne

mraximum lI ft coetf icient of thu al -craft. A mre~r detailed afl~lysis must Involve

drag increments which arise, and their effect upon power requinirerenrfs of !ow

speeds. Calculations are carried out for the L-21 aircraft (PA 18), arn Army

Hisaon plane, but ire applicable to aircraft having mv~ci higher wing~ loadlnghs

(where tne miaximumn lift t;oefficient has a more appreciable effect upon landing

speed). A layout of th~s aircraft is given in Figure 5.
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a. Control characteristics of conventional and air let spoiler

Figures I and 2 show typical variation of rolling ioment coefficients

for several typos ot mechanical spoilers. It is obvious that the non-Ilnearity

in tie dction of these spoilers will be highly undesirable during ihe landing

maneuver. The effectiveness of the spoiler will usually Increase as It is

moved rearward, and as the angle of attack is increased, thougi, there is a

slight ;all-off at hig. a.igles of attack. The yawinq moment i- in most Cases.

favotable. Of interest here is the considerable aerodynamic time lag In the

action of these devices, from .1 to I second, epproximately, depending on the

particular desiqn (Re,. 12). The air Jet controls shown in Fig. 3 are invariant

wifh angle of attack ap to 120 (Ref. 2), and display no ineffecilveness near

the origin. The dbscissa In this case is the non-dimensionalized momentum flux

of fthe Jet, CtA. , which is related to the power requirement of the jet spoiler

and Is dealt wifh below. The effectiveness of a spoiler is roughly proportional

to it, span provided if represents a small fraction of the wing span. It Is

usually found that the roll ing moment coefficient Increases with the deflection

of a flap .;ituated behind the spoiler, although the Increase will usually

diminish with incruasing angle of attack.

The references cited show that, In most cases, adequate lateral control can

be maintained for aircra' t having full span flaps by the use of a spoiler-type

device, although its exect design must be carefully fitted to the particular

wing. Thi pruhle• oi non-linear response to control deflection appears to be

greatly alleviated Dy the use of an airJet spoiler, but the aerodynam!c lag

for fils type of spoiler may not be any less than for the mechanical spoller.
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As far as is known this nas not oeen measured. Tie effectiveness of these devices

can De expected to be increased by any device wrich delays the stalli.ig of the

wirg by energizi,•i the flow near its surtace.

5. Use of rilan Ift devices it, conlunction with a sgoiler

If the aileron of a conventional alrcratt Is replaced by an upper s-rface

spoiler, the only practical h1!gh lift device which Is subsequently available Is

a conv-intlonal flop In place of the aileron. sinCe this will be near the tip of

the wlnn, A cw. a 1- tho increase In the nanle of zero lift of ths. wing, will

be sraller than for an equivalent flap near the root. This Increase can be

predicted with s5fficient accuracy by the methods of Ref. 8. The use of tip plates

to suppress further spanwIse flow will ;ncrease cons!derably the contribut on

from the tip flap, provided stalling of the too+ region Is artificially Induced

before V•e angle of attack exceeds the value necess4ry tc cause local separation

at the tips.

The above modifications are comnmon to any wing having spoiler type controls.

Associated with the Jet spoiler, however, we have a weight penalty -Av , and

a maximum power requirement WMQ% . We assume that the spoiler mopentum

coefficient Cp, has a maxi "1'. va lue C w•i wech Is dictated by the C ,

the c"t ffIctent of dwrpiIng In roll, and the requl.•I red - , the

maxli.um wing tip helix angle In steady roll. For aircraft In the VTOL and STOL

class, the momentum flux Itself may givi, an important contribution to the roll ing

moment at low forward flight speeds, and would hence influence the value of

Ciltl.,,• .If, for This spoiler contiguratiorn, tne fiOw isses friom an upper

surface slot )avnmg length 1. and width .13 , tne (•1 for any jet spoiler slit

having length l and width I is given by



.he e isc a m,~ e.%,% ChOrd over the port ica of

Tt"4ý winq Cove~red byv the spoiler' (see F iguce 3). We have 35turtd the -lot velocity

to0 ,u dtepen~ert o.,ly ot~on t!,e ueservoir pressure -)i the jet syýtee, an assumnption

Vd!I,! Only fop iaige C nt--c-tion 'aticts in the jet .y-,terr. Trhe --,ss ib i I ty ut

u v Ing C'"M luY tiounlddr~ f Iaer -odi tr ,I w il ~I Iepv iu upon t ha mier it ot f systemr

*!. i ric) !W (cQiri~j t ,vIar to trio BLC s Iot .xrnJ the s.po lIojr - Iof ri such a ay t hat

t rie vo Iu-re tl I o.i ata 1o tri spo IlIer on,,' t he boun J.3ty l'recont!ol Jct ore co-

oiijinatual i-1 a -a,' LoMI-,ri r.3ti Ift-. tre desl-ad ,3andl I:iv quo Iit lurý. Since flight

at low vilocities, er'tctl uringy lan-iri. is cc:a ýo I f t.i-i (4 5 o ff tigh1t

control., atler~tý i!,e not lift of tfe wing, it .;al mo 'ot jevirablte to utW ize

t!ha ILC 1)o I icv' of It.e win to rounler tthg lilt lo-,r, Asý,siateo with 'no spoiler.

Onoe pc,ý.lblv 'yin I ig. 4, *out- invilva inc-.asing ti-e BL"; and spoil&[ jet

VOlUrfr0 110. 1r51S Mu`13lleneUsl0y i,. Juh ' Wl th-)I J!C. 1oLL- f0

,3.-. .! Thi5, approaclA involves rtwe'- penali i~js grearter fhan that re~quired

t~v "!.k '4 le, I''~~ ! BLG 15 opera
t
ea cont Inj-jol y at i level CP 3L

tnIhe Iotdi yý iven by

.uir v K i r. rvilated to ttnu t 4nct lonal dependence of & t'r ltlt

i'rcrernunt nsociated .itn ificreaes in bounow~y layer air flowing DOove the level

C~~kOLC0  upon ACt. . ihe flilt Jermetde t(o the suoiler, i'r

o,'rfdr triat the net crianqe In lift tbe zero. Sin~e +"e ilitterential BLC blowing

rmay (.on*,ioit~e rnpprecimb'e toll Iy Ing-toxnt in 5pec~al cases, th is system fl'.y



allow redluction of

Tibe aoove argu-ients. tuggest t,,at thecn~o d~~~WQ t".e dir, jet spo: or,,
d'.ý co"'Pared to tt~e ;sE or cornveni-icrj- iPoilcl cniIc !

y blowing o- suction. anc ceconia, i~y trom tie ;nditj! ion-,, t1 t its cor~tiol

response is miorg favoarble. With t>i in f mindj sp~rel ;miima, , caiculat iont on'

V'O L--l air-Craft are car ied out below fur poneu -eq-iire.mrnts, neigri penal6tles,

tr in- cOa'rge, and pe, o'-ance c? a ULAL-bio~inqr-jet '.poi ler cot-,.inat ion.-
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fr C lcu otiun5 lfr L-Jl Alurj'di

Dl.merJ.ions ond orthographic projections of this )Ircr-sft are given In

F Igure '). From this drawing the folowing date is obtained:

b * 5L'.• :.

S - 178.5 sq. it.

L. - 63 Inches (mean aerodynamic chord)

-( - .,64 (flap and aileron)

W - 1700 lb,. (. pwsople and maximum fuel load)

a. Effect of full ,pan fla,,s on the r-axlnum I ft coefficient

Fiorr Neference t, the section I ift slope ,.f the USA 35-B is given as

.099 per degree, it is azsurmed, In the absence of any e-perlmental data, that

the I;f'r sIope of the modifiled Y$-B airfoil (upper ordinates increased 4%) is

alnu .0o9. TIe litt slope oa t.1r L-.:I wing is ihen given by

(' 09") ) .0 - 75 (flap undeflectod)

We are corrice-reing Iandino, speeds in the vicinity of 50 fps, and therefors

e'amlne the Cl-ax at a keynoIds Numser ol. .Oou+ 1.66 . 1Ob based on wing chord.

From Reference 2, aerodynamic data taken at a Roeyrolos number of I x ]O

indicate that root stall irng wlll begin at an angle of attack of 160, and that

Ok.4._,f= ,the angle of zero lift, flaps ,indeflected. is 4e. yielding

-maKlmuM lift Lo~fficient of 1.5j. tor power-off flight.

The following toaýle gives typical section liit increments for slotted flaps

def lected 400.
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ACL Reference L f,. C

1.5b I! .2566

1.40 f .20

;.I, .25C

1.35 1 .30c

A value of 1.30 is used here as typical fot a slol-ed clap oaving clic - .. 54.

The c.iange in Oh.QfL. tor the L-21 wing having a slotteJ. flap e.tending from

.09-b/2 to .875-L_/ is given by (Re'erence 8).

Oa.( U -(35) (I. 9 -10.8t

The increment in lift coefficient due to the flap detlection is .842. In

Reference 2 the stalling angle was found to decrease about ;'o for a partial

span with flaps deflected 400. If n value of -_0 is utd for tull span 'laps,

thf mnaximun lift coefficient becomes

CLma nQ (full span) - (.7.80) (.0775) - 2.1b

and the net increase i. is .61.

b. LUIJect of bojraary layer blopino ove, inti4)jJJrýIUg

The variation in C--L (,ue to BLC over a plain flap) vs. (;ILCI.LC

tor S .40 0 Is given in Figure '. The C"A.eLC for wehi:c the Inboar(.

flap contribijtlon takes on its theorAtical va,,e was obtai.ned from the

correlated data presented in Reference 4. The section lift increment at the

inboard flap is then increased by .98, causing the O. o.L. of the wing to shift

.o. O...... ...... - ith . is taken to be linear

Jp to C" .03 (thns is accurate in most in-+ances for ff <40o, and

is assumed to be va; id here). For C1OLr >-.03, AC LIL continues to
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incrc',bo, due tco '%JC-rd xte-n-ioc.", but at a much Slower rate. A probable

variation is -ndicated b';° the atosed line. It is essumed that the system

doser ;bod here wI I I be operated at a CAL ,LC less than .0.% The Stal I Ing

angle cJ CttaCk of I f0or BLC off is retalned for BLC on, although the

validit, of thi5 assumption will depend- upon the stalling char,,cterlstIcs of

the particular -,racion under con.lde'ra'lon.

!rom the studies of the maxijum I ift LoeifiGlent ot I Ight plare.i with BLC

equipment given in Reference j, it appeers that

C, (Do.er on)
_ _ _ I .6 for 'he range Of i fip deflect Ions

CL. (power ofi)

undet consitur~t .,... 7:.e erleci cf power is 'hen to suppress separation of the

i. board wing panel, .- s- i, . shcwn in Figure 6. Due to the Iower power ioadJing

of I-u L-;I, as 4-ýjnxijae-l with that of Refcfer ee 5, the power rtfect is. estimated

at 1.3, givinq c r•'ai.run lift coetticient rjf 5.16 with • • 40 0, C
,"a Liz.

c. Power -nsidzerat ions

As the spoiler Jet and b'owing fiap are f ec by the samie power siource,

the powet requirements wilI be boased upon the maxlmum f low that might be

required during normal tI ignt. We assume e design EL of .07. Refersnce

10 give-, the lC', of th* L-21 as .53, which demands a of".135.

Since it Is desirahle to have the net I it of the wing remain c•onstant wIth

,applica+lon of the spoiler, the fol lowing system wItI be adopted:

(I) BLC operat••; continuously at a level

(2) Variable width jets are used to vary C. for Jet and blowing flaps, and



10.

(5) The net Ift is unchanged With aDI l(otior AI a spoiler Jut; that is,

right wing spoilIng is accompanied tiy inLreras in r. on koft olmys.

Considering the lest specif Ication, me nmve, tot two flap parels, A('. 8.87

C'u~ !.'.a : 'oa var ; ofion 6Ssu, d AlI S

Thr_ reqvuired to sbtIsty co.id tir i (5) aoove is theretoro giver' by:

88.

A force of 112 aC .. qwili act at a mouiwrt arm roughly 1/4 that of the

spoilvr, so that I14 of 1h, Contribotion to C% wtill rome ttom t"o flap. Htnce

LLZ5) ' - .0371 and for (.t,) C7(

* 108

,40 lat I-*1 , -. f, .015 (nblving the former codnribul i)n Of UCLG to tho angle

of zero lift) so thatt

m. = .030

When del InIg q i1h pc,-ei vquire'menis, a v|lume f low L.of f i(qnt Is 'Jsef u,

Cali -led by

- - , S is ti'e aftected %:Ing area
V45

We find that
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The total volume fI lo required i! given by •

SQ"O:AL V, •" . I•• - •

V.-- V36L~.

V -I
O~~~:LC V8LC -' 4

We assu'"O that VBLC - -5 CV•A-- where C iS a constant dependent on slot

e. ly•n and assumed the sane for both slots, and AP Is tie pressure

differential across the slots assumed to be the ;.ame for spoiler and flop. The

required volume flow ib given by

V! b 103)(.0425) + V c b3

NOW, V0 - 841 W i t'isec., aid for a design CL,.,, of 2.98 (now us•ng the3C L

4 .4 V 3 ( 2 -C4 ) C T -a" r5 '

The air ro'-,opo-er required to Carry this volu're of air through the pressure

differential AP is P 0 r-G
S 50 e

As a power %upply, the hydraulic system described In Reteroen_# 5 -i!l be 1cr

usd In the caILulcI ion of required flow quantity and duct pressure. This system

.t l ý 1 E ?, • ; ft ;C •? ;,yul ic pump and axial f low tans capable of 8.5 air

horsepower. The probable weight ponalty when installed on the L-21, incliding

structual .n•difihation, I. approximately 300 lbs. A pussible reduction of full

",brottle power of 15% can be expected. Takina minim,;m vn!.,-e fl__ _. A, 1+3;,--

(corre-pondinq to ýJct width, Oi 004c) and C = 3O ft
2
isec. lb.!/2
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Tne air 'orsepc2.ej rtquired i,ý w.I.ell within t!.at av,5ifoble afte,

Assumilng ELC is otff, artj that 5 ai h~rsepo~er arc ava; IcaLde, the max Irmm

Pco'zv that car. be developed at ahy airspeed, V0 , willI be aldcuIat&(.. H4erea

of I . 5 i s needed, sot!o

_.00574 V 'Cb - .,3Q Vý2 _ aJwj 550

Ii a nte imu-n volume tIo. ot 40 Wt Sec isaloe

.tr'L the MAitMU' V0 for ~hj-i a 7:)".,v ot .07 ca;' t~e rltVelop*sd Is

* (4) U~) (~3 8)103 tpý

Fc- 130 fm- T Ine-,e reutat ie in I ~e8.

)1141: VI
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d. jtdi trim

From Reference 8, the conditions for Iongitudinal trim require that

t 1 -Act( 1

As igC5-.5 a, S 400 (full span).

-LCL 1..(Dower off)

77 -. 8 (assu:-wd)

0+ - .069 appro~iMateiy

I-,urufore 1.ii Xcy '9 .0.X0z ( ft- .. /L)*C

Nuv L - * -)7.' dwdy iroyn groirjsC eftect, ana 00 assfLU - 2.86
dCJ L CC

dur ing lAndling. The control dof 190 ions required Cur Ing landing to overcome5

thu.!~r~ltas,5ociatuJ .iltre *1- ilap, aria ULO are then

t 4 :'j r 20+5- '-4

PlIac Ing the c-g Zit 50%( (Re-. ".

*!,IiCt' nef inas h t.nnlmuv - control etlef ctio -.),vgr acid ahnve that requ Ired -5v

the unrod if led a ir craf t ( 4¾ - 0o) rduring Imno Ing.
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